Oligoamides based on natural raw materials, L-lysine and L-tartaric acid, were synthesized using one-pot processes. An L-lysine diketopiperazine structure was obtained with good selectivity without protection/ deprotection steps. Reactions were performed using two methods, the first involving the use of solvent and catalyst under a nitrogen atmosphere, the second exploiting the "raw" monomers under vacuum.
Introduction
In recent years, the interest associated with the development of biopolymers has encouraged the use of products derived from renewable sources as starting materials. Therefore, natural polymers (starch, cellulose, chitin) or natural monomers have been used as such or aer chemical transformations [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] to obtain new polymeric materials.
Polyamides are a widely studied polymeric class showing excellent mechanical and physical characteristics and good versatility, that allows their use in various application elds.
14 Biobased polyamides were obtained using hydroxylated diacids, selected from natural compounds or their derivatives, as L-tartaric acid, or D-(+)-glucaric acid and a,a-trehaluronic acid with commercial diamines as 1,n-alkylenediamines, aromatic diamines, branched alkylenediamines, diaminoethers and polyamines, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] or using amino acids and their derivatives.
26-28
These products can be used in a wide application range, [29] [30] [31] from standard plastic materials to the biomedical eld.
Reactions involving amino acids typically require several protection/deprotection steps, which cause long reaction times, by-products formation and consequently make the industrial scale-up hardly feasible.
Gachard et al. 31 described the synthesis of polyamides from two natural amino acids, L-lysine and L-aspartic acid; both monomers were protected to avoid secondary reactions. These products could be used in biomedical eld as new materials for sutures and drug-delivery systems since these biopolymers should be subject to enzymatic or hydrolytic degradation with formation of metabolizable compounds. On the contrary, cyclic oligomers based on L-lysine 2,5-diketopiperazine and tartaric acid have been synthesized by Bou et al. 30 through a process that requires several step. L-Lysine was selectively N-protected (-NH 2 in 3 position) and esteried with methanol via copper complex, then it was self-condensed and treated with HBr in acetic acid to obtain the diketopiperazine structure. At last, polycondensation of 2,5-diketopiperazine structure with pentachlorophenyl ester of di-O-methyl tartaric acid was carried out in dry DMF, with triethylamine, at room temperature, for 3 days, with 50% yield.
Other 2,5-diketopiperazine derivatives were obtained by the reaction between pairs of amino acids, using protection/ deprotection steps, 34, 35 by activation of carboxylic group as methylester, 34, 36 since using the monomer as such 34,37 lower yields were obtained.
2,5-Diketopiperazines may be used as "monomers" in the syntheses of polymers such as polyamides and polyesters, according to their endings.
38,39
Starting from amino acids (aspartic acid, serine, lysine, glycine, and tyrosine) modied as methyl ester salts, resins with properties and cost similar to the common industrial nylons that show great potential as high-performance polymers to be used in lms, bers, and composites, were synthesized.
40
Other polymers with good thermal stability and high glass transition temperatures, compared to those of common aliphatic nylon were obtained 41 by reaction between diketopiperazine (obtained by L-glutamic acid dimerization) and various diamines.
All the syntheses described require many steps and processes which are not always in agreement with the principles of green chemistry and with the requirement of industrial sustainability. These synthetic methods are sometimes necessary to obtain products with specic properties but are not essential for their use in several applications as an adhesive or a consolidant for conservation purposes. With the goal of obtaining polymers to be used in these application elds, in the present work oligoamides from an aldaric acid derivative (L-tartaric acid dimethyl ester) and an amino acid (L-lysine) have been synthesized through one-pot polycondensation reactions, without any protection/deprotection step, obtaining products completely based on natural raw material.
Two different polymerization methods have been used: one was performed with solvent and catalyst in a Sovirel® tube under nitrogen atmosphere and the other one in a vacuum evaporator without solvent and catalyst, i.e. using bulk polymerization, normally used in the industrial polycondensation.
42
Among the derivatives of aldaric acid dimethyl-L-tartrate was chosen for its availability, for the simple structure of the precursor and for the ease of production of the corresponding diester.
43
L-Lysine is a polar, essential amino acid, with chiral structure, industrially produced by fermentation technologies, 44, 45 that can easily forms diketopiperazine structures. DSC analyses were conducted using a Mettler Toledo DSC1, on samples weighting from 7 to 10 mg each. For dynamic DSC analyses, samples were rst heated from 25 C to 100 C at 10 C min À1 and maintained at 100 C for 2 min to eliminate residual water, then cooled down to 25 C at 20 C min À1 and maintained at 25 C for 2 min; for T m and T g determination a second thermal cycle from 25 C to 250 C was then used.
TGA analyses were conducted on a Perkin Elmer TGA4000 under nitrogen atmosphere on samples weighting 6 mg, heating from 25 C to 600 C (20 C min À1 ).
SEC analyses were performed using a system having Waters 1515 Isocratic HPLC pump and a four styragel columns set (HR3-HR4-HR5-HR2) with a Waters 2487 Dual l Absorbance Detector set at 244 nm using a ow rate of 1 mL min À1 and 20 mL as injection volume; samples were prepared dissolving 20 mg of product in 1 mL of anhydrous CH 2 Cl 2 . Before the analysis, the solution was ltered with 0.45 mm lters. o-Dichlorobenzene was used as internal reference (5 mL mL
À1
). Molecular weights were determined using a calibration made with monodisperse polystyrene standards. In order to dissolve polyamides in anhydrous CH 2 Cl 2 , samples underwent Schultz N-triuoroacetylation reaction.
47
Potentiometric titration was performed with Metrohm Titrino 751. Samples were prepared dissolving 120 mg of product in 40 mL of water.
Amino groups were titrated with HCl (0.01 M); acid groups were back-titrated with NaOH (M 0.01).
MALDI analysis were performed with Bruker Daltonic Ultraex MALDI TOF/TOF spectrometer. ESI LC-MS analysis were performed with LTQ Thermo Scientic with a Spray voltage of 5 kV (capillary temperature 290 C).
Polarimetric measurements were performed on a JASCO DIP-370. Samples were prepared dissolving 20 mg of product in 2 mL of water.
Oligoamide synthesis
Several polycondensation reactions were performed using general procedures as described in method 1 and method 2 and using different reaction conditions as reported in Table 1 .
General procedure Method 1: with a slight overpressure (dimethyl L-tartrate : L-lysine ¼ 1 : 1). Into a Sovirel® tube, triethylamine (58.70 mg, 0.58 mmol) was added, under nitrogen atmosphere and under continuous stirring, to 4.00 mL of a methanol solution of L-lysine (314.30 mg, 2.15 mmol). A methanol solution (4.00 mL) of dimethyl L-tartrate (382.70 mg, 2.15 mmol) was added and the mixture was allowed to react at 80 C for 24 hours (product 1).
Aer cooling to room temperature, the mixture was ltered on a Büchner funnel and the solid obtained was washed with methanol and dried at room temperature (282.30 mg, 41% yield). The reaction was repeated increasing the reaction time to 3 days (product 3) and 7 days (product 5), respectively with 47% yield (324.20 mg) and 54% yield (375.00 mg). The solids obtained were analysed by 1 H-NMR (Table 2) , 13 C-NMR (Table 3) , FT-IR (Table 4) Aer cooling to room temperature, the mixture was ltered on a Büchner funnel and the solid obtained was washed with methanol and dried at room temperature (271.0 mg, 54% yield). The reaction was repeated increasing the reaction time to 3 days (product 4) and 7 days (product 6), respectively with 66% (335.20 mg) and 72% (368.00 mg) yields. The solids obtained were analysed by 1 H-NMR (Table 2) , 13 C-NMR (Table 3) , FT-IR (Table 4) , SEC, thermal analyses (DSC and TGA) and acidbase titration.
. Into a 10 mL single-neck ask, L-lysine (146.20 mg, 1.00 mmol) was added to dimethyl L-tartrate (89.07 mg, 0.50 mmol). The mixture was allowed to react at 60 C for 9 hours under vacuum in a rotary evaporator (product 7). At the end of the reaction, the formation of a yellow solid was observed: the solid was washed with methanol, ltered on a Büchner funnel and dried under vacuum at room temperature (85.20 mg, 36% yield). The solid obtained was analysed by 1 H-NMR (Table 2) , 13 C-NMR (Table 3) , FT-IR (Table 4) , thermal analysis (DSC) and acidbase titration.
L-Lysine reactivity
Method 1: with a slight overpressure. Into a Sovirel® tube, triethylamine (58.70 mg, 0.58 mmol) was added, under nitrogen atmosphere and under continuous stirring to 4.00 mL of a methanol solution of L-lysine (314.30 mg, 2.15 mmol). The mixture was allowed to react at 80 C for 7 days (product 8). Aer cooling to room temperature, the solution was distilled under vacuum and the solid obtained was analysed by 1 H-NMR (Table  2) , 13 C-NMR (Table 3) and FT-IR (Table 4) . Method 2: under vacuum. L-Lysine, a white solid (146.20 mg, 1.00 mmol) was introduced into a 10 mL single-neck ask and it was allowed to react at 60 C for 9 hours under vacuum in a rotary evaporator (product 9). At the end of the reaction the solid was dried under vacuum at room temperature. The reaction was repeated increasing the reaction times to 12 hours (product 10). The products obtained were analysed by 1 H-NMR (Table 2) , 13 C-NMR (Table 3) , FT-IR (Table 4) .
Results and discussion
The oligoamides were synthesized by polycondensation between L-lysine and dimethyl L-tartrate using molar ratios dimethyl L-tartrate/L-lysine 1 : 1 or 1 : 2. Two different synthetic methods were evaluated: products 1-6 were obtained using method 1, under nitrogen atmosphere, while product 7 was obtained using method 2, under vacuum. The conversion, DP, molecular weight and T g for each product obtained with different reaction conditions are described in Table 1 . The reaction scheme is reported in Fig. 1 . The reactivity of L-lysine alone in the reaction conditions used in method 1 (product 8) and method 2 (products 9-10) was also studied as described in Table 1 .
L-Tartaric acid was activated as dimethyl ester and the polycondensation reaction was carried out in mild conditions in order to avoid protection/deprotection steps. In fact, the acid conversion into dimethyl ester promotes the subsequent condensation reactions with the diamino compounds.
As previously reported, 15 L-tartaric acid dimethyl ester was obtained from L-tartaric acid through a reaction with H 3 BO 3 , which catalyzes the selective esterication of a-hydroxycarboxylic acids.
The condensation reactions were carried out with molar ratios between diester and amino acid 1 : 1 or 1 : 2 and with two different synthetic methods (see Table 1 ). Method 1 proceeds through a reaction in Sovirel® tube, under nitrogen atmosphere, with a slight overpressure. This method, previously used for the synthesis of various oligoamides, 15, 48 requires the presence of triethylamine as catalyst and methanol as solvent. An advantage of this method relies on the presence of the solvent, which guarantees a good temperature control preventing the formation of products with intense colours and leading to a good reproducibility of the results. Method 2 is a process without solvent and catalyst, more similar to industrial polycondensation processes. The reaction was performed using the vacuum evaporation technique to remove the by-products (i.e. methanol) formed and to let the Fig. 1 One-pot synthesis of polyamides from L-lysine and L-tartaric acid.
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Paperpolycondensation proceed. Advantages of this method rely on the absence of solvent and catalyst, on lower reaction times and on milder reaction temperatures (60 C). 1 H-NMR spectra of all products obtained with different synthetic procedures (method 1 or 2, molar ratio diester : amino acid equal to 1 : 1 or 1 : 2) were in agreement with the presence of a similar mixture of polycondensation products with a prevailing ratio L-lysine : L-tartrate 2 : 1 (Fig. 2) ; therefore, on the basis of the integrals of the characteristic signals, the presence as prevalent compound of an oligotartaramide containing L-lysine-diketopiperazine monomers could be hypothesized. The presence of an amide moiety was conrmed by the signals between 3.20 and 3.40 ppm (CH 2 NHCO, 3 in the Fig. 2) , and at 3.68 ppm (CHNHCO, a in the Fig. 2) (Fig. 4) , as reported in the literature for a similar structure.
32
13 C-NMR (Fig. 5) and gHSQC ( Fig. 6 ) spectra conrm oligoamide formation, thanks to the presence of the signals at 38.6 and 54.7 ppm, related to CH 2 NHCO (3 in Fig. 5 ) and CHNHCO (a in Fig. 5 C-NMR spectrum conrms the absence of the ester termination due to the absence of signals at about 171.5 ppm and of the amino termination (CH(COOH) NH 2 ) given the absence of a signal at about 55.5 ppm. Signals related to the L-lysine carboxyl group at about 181 ppm (COOH) are not detectable. Therefore, NMR data are in agreement with the conversion of L-lysine in two oligoamides, containing H a with two very different chemical environments.
In fact, in the oligoamide with diketopiperazine structure, present in higher concentration, H a D has a classic "amide-type" neighbourhood, while in the linear oligomer diester/L-lysine, present in lower concentration (Fig. 4) , H a L has a higher deshielding effect due to the presence of a free carboxylic group. The relative amounts of the two structures can be evaluated by the ratio between the integrals of H a D and H a L in CHNHCO signals related to the presence of 2H and 1H, respectively.
The determination of the size (i.e. average numeral molecular weight, M n ) of the synthesized molecules was performed via calculation of the integrals of the signals in the 1 H-NMR spectrum. In fact, the signals for the different end groups (-CO 2 CH 3 , -CH 2 NH 2 , -CHNH 2 ) can be used as reference values to determine the average molecular weight, comparing them with the integrals of the signals related to protons inside the polymer chain.
In the 1 H and 13 C-NMR analyses of the products, only the signal related to the terminal amino group (CH 2 NH 2 ) is present. Based on this consideration, it is possible to calculate the number (n) of repeating units, according to the following calculations for the oligoamide with the diketopiperazine structure: 
Integral of H
Similarly, it is possible to calculate the number (n) of repeating units, according to the following calculations, for the oligotartaramide with linear oligomer and ratio L-lysine/Ltartrate 1 : 1, structure present in low concentration:
Integral of CHOH signal ¼ 2n.
Considering the overlapping of almost all the signals of the two structures, the calculation of the molecular weight must be made considering the percentage contribution of the two structures for each signals and evaluating the correct value for integral of H a D and H a L in CHNHCO signal with respect to the corresponding H 3 terminal contribute. Therefore, integrals elaboration by 1 H-NMR was performed with the correction due This journal is © The Royal Society of Chemistry 2017
to the presence of two different structures. However, due to the lower concentration of the linear structure, DP was calculated via 1 H-NMR only for the diketopiperazine derivative.
To reduce the error resulting from the superposition of signals of two different structures and from the approximations made in the calculation, the evaluation of the DP was made considering the average of the values obtained for all the signals present in the spectrum (Table 5 ). The nal value for DP and M n of the synthesized products are reported in Table 1. MALDI analysis (Table 6 ) and ESI LC-MS (Fig. 7) were performed on the sample 5 and allowed to identify the presence of oligomers with ratio diester: L-lysine 1 : 1. In particular, the data obtained using MALDI allow to quantify the molecular weight of the linear oligoamide, that was detected with more difficulty in the NMR spectra, probably because it is present in low quantities. However, peaks at m/z 407 (406 + 1) and 667 (666 + 1) are partially overlapped to the matrix and then not easily visible in the MALDI spectrum while the presence of these peaks was detectable in the ESI LC-MS spectrum. On the contrary, the oligomers based on tartaric-lysine diketopiperazine structure were not detectable by MALDI or ESI LC-MS probably due to a low stability of the diketopiperazine system in the analytical conditions.
Potentiometric titration conrms the presence of two types of amino groups and one carboxyl group in all products. However, the presence of only one terminal amino group was detected using dilute solution (<2.5 mg mL À1 ) whereas performing the analysis with higher amounts of sample (over 3 mg mL À1 ) two types of amino groups and a carboxyl group were detected. Also this result can be correlated with the presence of very low amounts of linear oligoamide structure, detectable only at relatively high concentrations.
SEC analyses were performed on the samples 5 and 6 ( Fig. 8) : the shape and hydrodynamic volume of the peaks conrm that the products obtained have low molecular weights. Nevertheless, the analyses show the presence of more peaks, indicating that more than one product is present. Peaks for product 5 (molar ratio between reagents 1 : 1) and product 6 (molar ratio between reagents 1 : 2) have the same retention time and slightly different intensity that is correlated to their concentration in the nal product. Since molecular weights obtained via SEC are not absolute values, molecular weights evaluation was performed only by NMR or MALDI, as explained before. Products were characterized also by polarimetric analysis, to evaluate their optical activity, and all of them showed values ranging between +54 and +56 .
Thermal properties of the oligomers synthesized were evaluated via DSC, measuring glass transition (T g ) and melting temperature (T m ). T g , having values slightly higher than 120 C, become visible when higher MWs are obtained (products 2, 3 and 5), since when the oligomer chain is very short (DP ¼ 2) no glass transitions exist (product 7). T m is not visible before 290 C; over this temperature, melting and degradation probably occur at the same time. Thermal degradation of product 1 was studied by TGA (Fig. 9 ) and two weight losses were observed: the rst between 175-280 C and the second between 300-450 C.
Finally, the behaviour of L-lysine when heated alone in the same reaction conditions reported in method 1 and method 2 was also studied; in both cases oligoamides were not formed, and unreacted L-lysine was recovered. This conrms that the presence of dimethyl L-tartrate promotes the formation of oligoamides and in particular of diketopiperazine structures.
Conclusions
Oligoamides deriving from L-lysine and L-tartaric acid have been synthesized in a new one-pot process. Two synthetic methods have been reported, leading to the same type of polycondensation product, that is water soluble, optically active and has high glass transition temperature; the oligotartaramides were mainly composed by L-lysine diketopiperazine monomer units (about 80-90%) with low amount (about 10-20%) of the linear oligoamide obtained by polycondensation from dimethyl L-tartrate and L-lysine in ratio 1 : 1. Method 1, used for all previously oligoamide syntheses, guarantees a good temperature control, preventing formation of intense colours of the products and maintaining a good reproducibility of the results. Method 2, using bulk polymerization, relies on the absence of the solvent and catalyst, the reduction of reaction times and the use of lower temperatures. The presence of dimethyl L-tartrate is required to enable the formation of oligoamides in mild reaction conditions. The prevailing formation of diketopiperazine structures could be in agreement with an initial activation of the amino group in 3 and a consequent reaction between the amino and carboxylic groups in a position, of two different L-lysine molecules, to obtain a diketopiperazine structure.
These results appear signicant because they allow to obtain new oligoamides applying the green chemistry principles. Further studies are in progress in our laboratory to their use within the scope of the preservation of cellulosic material and to optimize the reaction conditions with the aim to obtain higher molecular weights as well as higher yields for the title compounds.
